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Summary
Development requires fertilization by a single sperm [1, 2].
In Caenorhabditis elegans, fertilization occurs in a sperm-
filled spermatheca, implying the barrier to polyspermy is
generated in this compartment. Eggshell chitin synthesis
is initiated at fertilization, and chitin is deposited before
the zygote exits the spermatheca. Whereas polyspermy
is very rare in wild-type, here we report an incidence of
14%–51% in zygotes made chitin deficient by loss of chitin
synthase-1 (CHS-1), the CHS-1 substrate UDP-N-acetylglu-
cosamine, the CHS-1-interacting protein EGG-3, or the
sperm-provided protein SPE-11. The spe-11(hc90) mutant
deposits chitin at themale end but fails to complete a contin-
uous layer. The polyspermy barrier is also compromised by
loss of the chitin-binding protein CBD-1 or the GLD-1-regu-
lated LDL receptor-like EGG-1, together with its homolog,
EGG-2. Loss of CBD-1 or EGG-1/2 disrupts oocyte cortical
distribution of CHS-1, as well as MBK-2 and EGG-3. In
CBD-1 or EGG-1/2 deficiency, chitin is synthesized but the
eggshell is fractured, suggesting aberrantly clustered CHS-
1/MBK-2/EGG-3 may fail to support construction of a contin-
uous eggshell. Together, our results show that eggshell
chitin is required to prevent polyspermy in C. elegans, in
addition to its previously reported requirement in polar
body extrusion and polarization of the zygote.
Results
Deficiency of Eggshell Chitin Results in Polyspermy
In Caenorhabditis elegans, chitin is secreted very quickly after
fertilization, and is required for eggshell form and function [3].
While examining other molecules that affect the eggshell, we
determined that SPE-11 deficiency [4] caused chitin deposi-
tion to be restricted to a cap at one end of the zygote (100%
of zygotes; n = 41). Immunolocalization of SP56 [5], which
persists around the male DNA until the completion of meiosis
(see Figure S1 available online), showed that the capwas close
to the male pronucleus (Figure 1A; 93% of zygotes; n = 41),
indicating chitin deposition probably radiates from the site of
sperm contact/entry, with SPE-11 required for propagation
of the signal. spe-11(hc90) also showed evidence of poly-
spermy (Figure 1A; 22% of zygotes; n = 37), which was not
reported earlier [6, 7], perhaps reflecting the fairly low inci-
dence of the phenotype. In starfish, an extracellular matrix
(ECM) is elaborated rapidly at the site of sperm contact, which
is required to block polyspermy [8]. Our observations of poly-
spermy and restricted deposition of chitin in spe-11(hc90)*Correspondence: dennis@lunenfeld.casuggest that in C. elegans, the ECM block may depend on
a complete and continuous chitin layer.
To test this hypothesis directly, chitin was depleted in
multiple ways and polyspermy was assayed in live and fixed
zygotes. Polyspermy was demonstrated in chs-1(RNAi) using
mCherry::histone H2B under a sperm-specific promoter
(Figure 1B). Unfortunately, this sperm-derived signal was
weak and transient after fertilization, precluding its use for
quantification. However, with GFP::histone H2B under
amaternal germline promoter, polyspermy could be quantified
(Figure 1C), and chs-1(RNAi) and gna-2(qa705) zygotes were
found to be 40% and 27% polyspermic, respectively (Fig-
ure 1E). gna-2 encodes a GLD-regulated glucosamine-6-P
N-acetyltransferase that supplies UDP-N-acetylglucosamine
for chitin biosynthesis [3]. Polyspermy was quantified inde-
pendently by SP56 immunolocalization in dissected zygotes,
using mat-1(RNAi) to prevent progression past meiosis [9],
thus facilitating identification of the male pronucleus. Control
[mat-1(RNAi)] zygotes were monospermic, whereas mat-1
(RNAi) chs-1(RNAi) and mat-1(RNAi) gna-2(qa705) were 51%
and 14% polyspermic, respectively (Figures 1D and 1E). egg-
3(RNAi) interferes with chitin synthase-1 (CHS-1) localization
to the oocyte membrane and eggshell chitin deposition [10],
and also resulted in polyspermy (29%) (Figures 1D and 1E).
EGG-3 is also required for cortical localization of the pseudo-
phosphatases EGG-4/5 [11, 12], and deficiency of EGG-4/5
results in polyspermy and chitin deficiency [11], consistent
with our conclusion that the C. elegans polyspermy barrier is
dependent on eggshell chitin.
CBD-1 and EGG-1/2 Are Required for Eggshell Integrity
and the Polyspermy Barrier
The chitin-binding domain protein CBD-1 localized around
oocytes in the proximal germline (Figure S2). cbd-1(RNAi)
results in osmotic sensitivity and embryonic lethality (http://
www.wormbase.org, release WS213, July 14, 2010), implying
a role in theeggshell. Fertilization incbd-1(RNAi)wasconfirmed
by the presence of chitin, centrosomes, and SP56-decorated
pronuclei (Figures 2A–2C). However, cbd-1(RNAi) zygotes
exited the spermatheca with a pinched appearance and
trailing section left behind in the spermatheca (Figure 2D), and
dissected embryos displayed a fragmented chitinous shell that
generally accumulated at one end of the embryo (Figures 2A
and 2C). Live and fixed imaging showed polyspermy
(Figures 2B and 2C). Unfortunately, the severely fragmented
nature of the embryos precluded quantification of this
phenotype.
The LDL receptor-like EGG-1 localizes to the oocyte plasma
membrane [13], and we observed that egg-1(RNAi) zygotes
were misshapen, and fragmented during exit from the sper-
matheca (Figure 3A). A distorted or fractured chitinous
eggshell was observed in egg-1(RNAi), egg-1(tm1071), egg-1
(ok1459), or egg-1(tm1071) egg-1(RNAi) at the nonpermissive
temperature (25C) (Figures 3C–3E). At all temperatures
tested, the two alleles had a similar number of hatchlings,
and at 25C, both had decreased hatchling numbers
compared to control (Figure 3F). Moreover, egg-1(tm1071)/
egg-1(ok1459) was not different from egg-1(tm1071) or
Figure 1. Chitin Is Required to Prevent Polyspermy
(A) spe-11(hc90) zygote at the nonpermissive temperature
(25C) showing chitin limited to a small patch at the male
end, and polyspermy (two paternal pronuclei; p).
(B) spe-11 promoter-driven expression of mCherry::histone
H2B shows polyspermy (two paternal pronuclei) in chs-1
(RNAi). Two sperm (sp) that have failed to enter the zygote
can be seen outside the zygotic plasma membrane. The far
right image is a different optical section of the same zygote,
showing maternal DNA at meiosis I. Strain expresses
GFP::H2B (GFP::histone H2B, pie-1 promoter), g-tub::GFP
(g-tubulin::GFP), GFP::PH (GFP::hPLCIIId1PH domain), and
mCherry::H2B (mCherry::histone H2B, spe-11 promoter).
(C) Live chs-1(RNAi) GFP::histone H2B zygote showing poly-
spermy (three paternal pronuclei). Time is since entry of
oocyte into the spermatheca.
(D) Immunolocalization of sperm-specific SP56 antigen in
mat-1(RNAi)-arrested zygotes, showing polyspermy in three
different treatments that deplete chitin [chs-1(RNAi), gna-2
(qa705), and egg-3(RNAi)].
(E) Quantification of polyspermy by live imaging of GFP::hi-
stone H2B (GFP detection method) or immunolocalization
of SP56 (SP56 detection method).
The following abbreviations are used: m, maternal pronu-
cleus/chromatin; p, paternal pronucleus/chromatin; sp,
sperm. In (A) and (D), chitin-deficient zygotes are delimited
by hatched outlines. Scale bars represent 15 mm. See also
Figure S1.
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1933egg-1(ok1459) (Figure 3F), confirming they are in the same
complementation group. Live imaging of egg-1(RNAi) identi-
fied the male pronucleus with associated centrosomes, and
the male pronucleus was also observed using anti-SP56 in
egg-1(tm1071) egg-1(RNAi), confirming fertilization (Figures
3B and 3E). At 20C, egg-1(RNAi) egg-1(tm1071) was not
different from empty vector(RNAi) egg-1(tm1071), indicating
that residual EGG-1 is unlikely to explain nonessentiality at
the permissive temperature (Figure 3G). In contrast, concom-
itant depletion of EGG-1 and the EGG-2 homolog (EGG-1/2)
resulted in characteristic misshapen and fragmented embryos
at 20C (Figure 3G). We conclude that EGG-1 is essential
at high temperature but can be spared by EGG-2 at lower
temperatures. Polyspermy was detected in EGG-1/2
deficiency (Figures 3B and 3E), although the severely frag-
mented nature of zygotes precluded quantification. In
summary, loss of either the capacity of zygotes to synthesize
chitin, as in deficiency of CHS-1, GNA-2, or EGG-3, or to
generate a continuous and cohesive chitinous eggshell, as in
deficiency of SPE-11, CBD-1, or EGG-1/2, resulted in poly-
spermy.
Our conclusion that EGG-1 does not appear to be required
for fertilization contrasts with that of Kadandale et al. [13].
Because EGG-1-deficient zygotes often pinch in two during
exit from the spermatheca, the trailing (typically maternal
DNA-containing) section is frequently severed from the leading(typically paternal DNA-containing) section, which
could lead to the conclusion that fertilization had
failed. Alternatively, because egg-1(tm1071) has
a hatchling number that is 5% of wild-type at
25C and EGG-2 can spare EGG-1 at intermediate
temperatures, it is possible that different levels of
residual EGG-1 and EGG-2 function may explain
the different conclusions. However, egg-1
(tm1071) egg-2(RNAi) or egg-1(tm1071) egg-1
(RNAi) egg-2(RNAi) at 25C resulted in character-
istic misshapen and fragmented embryos withchitin and SP56-decorated DNA (Figure 3E), suggesting to us
that this possibility is unlikely.
CBD-1 ImmobilizesOocyte EGG-1/2 andOrganizesCortical
CHS-1/MBK-2/EGG-3
The remarkably similar phenotypes of zygotes deficient inCBD-
1 or EGG-1/2 suggested these proteins might interact. egg-1
(RNAi) did not prevent localization of germline CBD-1::GFP,
but cbd-1(RNAi) resulted in the loss of membrane oocyte
GFP::EGG-1 with concomitant accumulation in distinct cyto-
plasmic punctae (Figures S2 and S3A). Oocyte membrane
EGG-2::GFP also depended on CBD-1 (Figure S3E), indicating
CBD-1 may act upstream of EGG-1 and EGG-2 to retain their
surface expression. If membrane retention depends on CBD-1
binding and immobilization, fluorescence recovery after photo-
bleaching (FRAP) experiments should reveal more rapid lateral
mobility in CBD-1 deficiency. Indeed, GFP::EGG-1 at the
boundary between the most proximal oocyte (‘‘21’’; closest to
the spermatheca) and thenextmostproximal (‘‘22’’)wasessen-
tially immobile up to 350 s in empty vector(RNAi), whereas in
cbd-1(RNAi) it was highly mobile, with robust fluorescence
recovery by 100 s (Figure S3B). We conclude that the lateral
dynamics of oocyte membrane EGG-1 are restricted by
CBD-1, which also appears to oppose EGG-1 internalization.
After fertilization, EGG-1 is released from the cell surface
and internalized. In chs-1(RNAi), gna-2(RNAi), or egg-3
Figure 2. CBD-1 Is Required for Eggshell Integ-
rity and the Polyspermy Barrier
(A) cbd-1(RNAi) embryos have a fragmented
chitin-containing eggshell that is often accumu-
lated at one end of the embryo (yellow arrows).
Unfertilized spe-9(hc52) (no chitin), fertilized
spe-9(hc52), and empty vector(RNAi) are shown
for comparison.
(B) Live cbd-1(RNAi) zygote showing polyspermy
(three paternal pronuclei). All images are of the
same zygote; different rows show images taken
when male pronuclei could first be observed
(row i), when the centrosomes associated with
the male pronuclei could be observed (row ii),
or when the pronuclei had met (row iii). Within
each row, images are different optical sections.
In row ii, paternal pronuclei with associated cen-
trosomal pair are shown enlarged in the inset at
the lower left corner of each image. Strain
expresses GFP::H2B (GFP::histone H2B, pie-1
promoter), g-tub::GFP (g-tubulin::GFP), and
GFP::PH (GFP::hPLCIIId1PH domain).
(C) Immunolocalization of sperm-specific SP56
antigen in mat-1(RNAi)-arrested cbd-1(RNAi)
zygote shows polyspermy (two sperm pronuclei)
and chitinous eggshell accumulated at one end.
Zygote is partially delimited by hatched outline.
(D) Live cbd-1(RNAi) zygote showing trailing
section being left behind during exit from the
spermatheca (hatched outline).
The following abbreviations are used: m,
maternal pronucleus/chromatin; p, paternal
pronucleus/chromatin. Scale bars represent
15 mm. See also Figure S2.
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1934(RNAi), EGG-1 failed to be internalized in zygotes (Figure S3C).
Moreover, FRAP analysis showed that in control zygotes
[empty vector(RNAi)], membrane EGG-1 was mobile by the
time pronuclei decondensed after meiosis, whereas in chs-1
(RNAi), gna-2(RNAi), or egg-3(RNAi), EGG-1 remained immo-
bile (Figure S3D). Therefore, chitin appears to be necessary
to relieve CBD-1-dependent immobilization of EGG-1,
possibly by competing for CBD-1 binding to glycoconjugates.
However, the normal lag period between secretion of chitin (at
fertilization) and internalization of EGG-1 (after completion of
meiosis) suggests other events are also required.
CHS-1 is dispersed at the oocyte membrane, which may be
essential for rapid and spatially controlled secretion of the pol-
yspermy barrier at fertilization. cbd-1(RNAi) disrupted the
homogeneous distribution of cortical CHS-1, as did depletion
of EGG-1/2 (Figure 4A). CHS-1 localizes to the cortex in amutu-
ally dependent manner with EGG-3 [10], which is also depen-
dent on CBD-1 and EGG-1/2 (Figure S4A). CHS-1, EGG-3,
and EGG-4/5 are essential for oocyte cortical localization of
MBK-2, a kinase that marks multiple proteins for degradation
after fertilization [11, 12]. Similar to CHS-1 and EGG-3, MBK-
2 was clustered abnormally at the cortex in CBD-1 or EGG-1/
2 deficiency (Figure 4B). Taken together, these results suggest
that CBD-1 in the oocyte ECM and EGG-1/2 in the oocyte
plasma membrane retain the homogeneous cortical distribu-
tion of CHS-1/EGG-3/EGG-4/5/MBK-2, preparing for secretion
of chitin at fertilization and subsequent transition to a zygotic
phenotype. CBD-1 deficiency also increased cytoplasmic
clusters of EGG-3 and MBK-2, which might lead to premature
activation of the kinase. However, the MBK-2 target MEI-1
showed normal accumulation on the 21 oocyte meioticspindle (Figure S4B), indicating that cytoplasmic localization
of MBK-2 was insufficient for premature kinase activation.
MBK-2 activity in oocytes is inhibited by EGG-4/5 binding, as
well as by an unidentified inhibitor, and CDK-1-dependent
phosphorylation of MBK-2 in mature oocytes is proposed to
counter the effect of the inhibitor [12]. It will be interesting to
determine whether CBD-1 or EGG-1/2 play a role in this
pathway, affecting CDK-1 phosphorylation, EGG-4/5 localiza-
tion, or activity of the unidentified inhibitor.
Discussion
The C. elegans Polyspermy Barrier Depends on Chitin
In sexually reproducing organisms, a polyspermy barrier is
generated immediately after sperm attachment and/or entry.
The barrier is biphasic, with an initial ‘‘fast’’ plasma membrane
block and a second ‘‘slow’’ ECM block [1, 2]. Our results show
that chitin is a required component of the barrier to poly-
spermy inC. elegans. Chitin is a secreted polymer synthesized
at fertilization; therefore, it is likely part of the ECM block. In
spite of the fact that the zygote is surrounded by many sperm
in the spermatheca, the maximum number of supernumerary
sperm we observed was two, suggesting the presence of an
additional, chitin-independent block. Therefore, as in other
species, the C. elegans polyspermy barrier likely has at least
two phases.
The spe-11(hc90) mutation reveals what appears to be an
early intermediate in eggshell production, where chitin is
restricted to a small region overlying the sperm pronucleus.
This implies that CHS-1 activation is a very early polarized
event initiated at the site of sperm contact or entry, and
Figure 3. Deficiency of EGG-1/2 Results in a
Temperature-Sensitive cbd-1(RNAi)-like Embry-
onic Lethal Phenotype
(A) Live egg-1(RNAi) zygote is pinched off as it
exits the spermatheca (hatched outline). Times
are since beginning of exit. Strain in (A)–(C)
expresses GFP::H2B (GFP::histone H2B, pie-1
promoter), g-tub::GFP (g-tubulin::GFP), and
GFP::PH (GFP::hPLCIIId1PH domain).
(B) Live egg-1(RNAi) zygote showing polyspermy
(two paternal pronuclei). All images are of the
same zygote; different rows show images taken
when male pronuclei could first be observed
(row i) or when the centrosomes associated with
the male pronuclei could be observed (row ii).
Row i images are different optical sections. In
row ii, paternal pronuclei (p1 and p2) with associ-
ated centrosomal pair are shown enlarged in the
right-hand images.
(C) egg-1(RNAi) or egg-1(RNAi) egg-2(RNAi)
embryos have a fragmented chitin-containing
eggshell that is often accumulated at one end of
the embryo (yellow arrows). Normal eggshell in
egg-2(RNAi) is shown for comparison.
(D) egg-1(tm1071) and egg-1(ok1459) have
a temperature-sensitive egg-1(RNAi)-like dis-
torted eggshell phenotype (yellow arrows).
(E) The presence of chitin and the sperm-specific
SP56 antigen confirms fertilization in egg-1
(tm1071) egg-1(RNAi), egg-1(tm1071) egg-2
(RNAi), and egg-1(tm1071) egg-1(RNAi) egg-2
(RNAi). Polyspermy (two male pronuclei) can be
seen in egg-1(tm1071) egg-2(RNAi). In egg-1
(tm1071) egg-2(RNAi) and egg-1(tm1071) egg-1
(RNAi) egg-2(RNAi), the zygote is partially de-
limited by a hatched outline.
(F) EGG-1 deficiency results in a temperature-
sensitive decrease in hatchling number. *, signifi-
cantly different from 16C and 20C, compared
within genotype; p < 0.05. a, significantly different
from N2 (control), 25C; p < 0.05. Error bars repre-
sent mean 6 SEM.
(G) In egg-1(tm1071) at the permissive tempera-
ture (20C), depletion of EGG-2, but not EGG-1,
results in the distorted chitinous eggshell pheno-
type (yellow arrows).
The following abbreviations are used:m,maternal
pronucleus/chromatin; p, paternal pronucleus/
chromatin. Scale bars represent 15 mm. See also
Figure S3.
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1935propagated around the entire zygote dependent on SPE-11.
In starfish, actin remodeling beginning at the site of sperm
entry lifts the vitelline layer and initiates its transformation
into the fertilization envelope [8]. We have observed that
chitin-deficient zygotes fail to separate the nascent eggshell
from the plasma membrane (Figure S3F), suggesting chitin
may initiate cortical actin remodeling and vitelline layer lifting
at the site of sperm entry. In other cell types, for example
migrating monocytes, extracellular cues promote microfila-
ment remodeling that polarizes cells and propels them over
distances proportional to their diameter in seconds [14]. The
mechanism by which sperm-driven CHS-1 activation and
chitin secretion might activate rapid actin remodeling is
unknown. One possibility is that secreted chitin is bound by
CBD-1, relieving binding of CBD-1 to glycoproteins such as
EGG-1, EGG-2, or others. Release of CBD-1 targets may facil-
itate actin remodeling and vitelline layer lifting. As a continuous
layer, chitin may also act as a scaffold that organizes eggshell
components into a sperm-impermeant matrix, analogous tothe role of chitin in the peritrophic matrix of the insect midgut,
which prevents penetration by gut bacteria [15]. A role for
chitin in preventing polyspermy has not been investigated in
other species, although the polymer has recently been identi-
fied in the insect eggshell [16]. In mammals, the related poly-
mer hyaluronan influences transmembrane signaling, and defi-
ciency in the perivitelline space results in polyspermy [17, 18],
indicating it might play an analogous role to chitin in
C. elegans.
In echinoderms, large cortical granules docked at the oocyte
plasma membrane are released just after fertilization and
contribute to the ECM polyspermy block, as well as the
osmotic and protective barrier for the developing embryo [2].
Release of C. elegans cortical granules depends on meiotic
cell-cycle progression [19], but we observed that blocking
cell-cycle progression in mat-1(RNAi) did not prevent chitin
deposition or result in polyspermy, showing barrier generation
does not depend on release of cortical granules. However,
mat-1(RNAi) zygotes are osmotically sensitive, indicating
Figure 4. CBD-1 and EGG-1/2 Maintain the
Normal Dispersed Distribution of Oocyte Cortical
CHS-1 and MBK-2
(A) Cortical GFP::CHS-1 is clustered in cbd-1
(RNAi) and egg-1(RNAi) egg-2(RNAi). Insets
(lower left of each image) show the 21 oocyte
surface. egg-1(RNAi) egg-2(RNAi) also results in
clustering of cytoplasmic GFP::CHS-1. Quantifi-
cation is shown below.
(B) Cortical GFP::MBK-2 is clustered in cbd-1
(RNAi) and egg-1(RNAi) egg-2(RNAi). Insets
(lower left of each image) show the 21 oocyte
surface (not applicable in chs-1(RNAi); the
surface was too pale to be observed). cbd-1
(RNAi) also results in a modest accumulation of
cytoplasmic GFP::MBK-2 punctae. As reported
previously [3], GFP::MBK-2 is decreased at the
cortex in chs-1(RNAi), as well as being accumu-
lated in cytoplasmic clusters. Quantification is
shown below.
21 refers to themost proximal oocyte (next to the
spermatheca). *, significantly different from
empty vector(RNAi) (control). a, significantly
different from cbd-1(RNAi); p < 0.05. Error bars
represent mean 6 SEM. Scale bars represent
15 mm. See also Figure S4.
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1936that as in other species, cortical granule contents play an
important role in transforming the zygotic ECM into an osmotic
barrier.
CBD-1 and EGG-1/2 organized oocyte membrane CHS-1,
which may ensure generation of a continuous chitin barrier.
As well, the displacement and fragmentation of the eggshell
during exit from the spermatheca indicate CBD-1 may also
crosslink chitin with plasma membrane EGG-1/2. Disruption
of the chitin barrier is consistent with the observed poly-
spermy, occurring either in the spermatheca or in the uterus,
which contains activated sperm that are pushed in by the
zygote. It is also possible that CBD-1 and EGG-1/2 play an
additional chitin-independent role in generating the poly-
spermy barrier.GLD-1, Eggshell Synthesis, and the Oocyte-to-Zygote
Transition
As mitotic nuclei move away from the distal tip cell in the
hermaphrodite gonad, GLP-1 (Notch receptor)-dependent
repression of the RNA-binding protein GLD-1 is relieved, and
cells enter meiosis [20]. Eight of thirteen GLD-1 mRNA targets
originally identified by immunoprecipitation [21] are necessaryfor synthesis or function of the eggshell. In this and previous
studies [3, 22], four of these (gna-2, egg-1, cej-1, and cpg-2)
were shown to contribute to chitin deposition or binding and
to be required for multiple events in the oocyte-to-zygote tran-
sition. These include oocyte cortical organization, polyspermy
barrier generation, zygote integrity on passage through the
spermatheca, and zygotic anterior-posterior polarization.
Therefore, in addition to controlling the mitotic/meiotic deci-
sion, a major role of GLD-1 is the temporal and spatial regula-
tion of RNA for eggshell biosynthesis at fertilization, which
supports some of the earliest events of zygotic development.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experi-
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